The pH-conditional morphology mutant of Klebsiella pneumoniae strain MirM7 grows as cocci at pH 7 and as rods at pH 5.8. The mutant has a high-level mecillinam resistance (50% lethal dose > 200 ,ug/ml) in both forms. When broth cultures of the rod-shaped mutant were grown with 0.7 ,ug of mecillinam per ml, cells assumed a round shape and continued to divide at a higher rate than the untreated control. A MirM7 rod-shaped revertant (MirA12), when treated with the same antibiotic concentration, changed to coccal shape and stopped dividing. The penicillin-binding proteins (PBPs) of strains MirA12 and MirM7 were analyzed. K. pneumoniae had six major PBPs quite similar to those of Escherichia coli. No differences were seen in the PBPs of MirM7 cocci and rods and MirA12 cells. In particular, PBP2 was found to be prepent and similar in MirM7 rods and cocci and MirA12 cells. We suggest that in gram-negative rods, a control mechanism exists which prevents further septation in the absence of lateral cell wall elongation. The unique behavior of MirM7 is due to the fact that the control mechanism is not active in this strain. This model allows us to explain the preservation of shape in bacterial rods under various conditions of growth and the mechanism of bacterial killing by mecillinam.
Evidence has recently been presented that two competing sites for peptidoglycan assembly exist in rod-shaped bacteria: one responsible for lateral wall synthesis, and the other responsible for septal wall synthesis (30, 33) . This suggests that rods have a more complex cellular organization than cocci and represent more highly evolved organisms (7) .
An important step in understanding the mechanism of shape determination would be to identify the regulatory mechanisms that control elongation and septation in rod-shaped cells, particularly the mechanism that prevents regression of rods to the simpler coccal form.
To investigate these problems, we are using strain MirM7, a pH-conditional morphology mutant of Klebsiella pneumoniae (a species closely related both genetically and physiologically to Escherichia coli [21] ), isolated by Meloni and Monti-Bragadin (23) and characterized in some detail by others (9, 29, 30, 32) . Among the morphology mutants so far described in E. coli (2, 11, 13, 14, 20, 22, 24, 34, 36) and other bacterial species (3, 5, 10, 27) , strain MirM7 shows several properties that make it particularly interesting.
First, this mutant is spontaneous and was isolated without using cell wall-active antibiotics (23) . This pH-conditional mutant grows as rods at pH 6.5 and below and as cocci at pH 7 and above, a property not shared by any of the other 43 morphology mutants so far described. Furthermore, when the appropriate medium is used, the two forms of strain MirM7 grow at exactly the same rate (30) .
Although the biochemical damage causing shape alteration has not yet been identified, genes leading to formation of osmotically stable coccoid cells have been identified. In E. coli, the four different mutations rodA (22) , envB (24) , cya, and crp (16) have been located at 14, 70, 83 , and 64 min, respectively, in the genetic linkage map. More recently, the rodX and rodY mutations, which are closely linked or identical to rodA and envB, respectively, have also been mapped (14) . The mutation leading to shape alteration in strain MirM7 has not yet been mapped due to the relative scarcity of both genetic systems and genetic information on this bacterial species (21, 32) .
In this work, we analyzed the effects of mecillinam, a fi-lactam antibiotic showing several unique properties (6, 15, 19, 20, 25, 34) , on both growth and morphology of MirM7 rods and cocci and on MirA12, an MirM7 revertant which grows as rods at all pH values. The results obtained allow us to suggest a model which explains both a possible mechanism by which regression of rods to the coccal shape could be prevented and the mechanism by which mecillinam kills sensitive bacterial rods. 
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains are described in Table 1 . K. pneumoniae strain MirM7 has been described in detail elsewhere (9, 29, 30, 32) . K. pneumoniae strain MirA12 is a spontaneous MirM7 revertant showing normal rod morphology at all pH values (9, 29, 30) . These strains were grown aerobically in a gyratory shaker bath at 37°C in 1% peptone-lactose medium or in M9 glucose minimal salts medium supplemented with 20 ug of threonine and lysine per ml. Both media were buffered at pH 7 or 5.8 as described (29) .
E. coli strains AT1325 lip-9, AB2834, AB2874, and AT700 were grown either in LB broth supplemented with 5 mM CaCl2 (28) 
RESULTS
Effect of mecillinam on cell shape and division of strains MirA12 and MirM7. Mecillinam is known to be more active on gramnegative rods than on cocci (19) . Conditional coccoid mutants have been found to be resistant to mecillinam only under the nonpermissive condition causing shape alteration (13, 36) . There- Mecillinam at 0.7 ,ug/ml showed the same effects on strain MirA12 as on E. coli in terms of cell shape and cell division (Fig. 1 ). Significantly higher concentrations of mecillinam (100 ,ug/ml) had virtually the same effect as 0.7 ,ug/ ml except that they caused an earlier transition to coccal shape and inhibition of the rise in cell number. No differences were seen in the effects on MirA12 cells grown at pH 5.8 and 7 ( Fig. 1) .
In MirM7, mecillinam at concentrations up to 100 ,ug/ml had no evident effects on either cell growth ( Fig. 1 The dramatic change in growth rate coinciding with rod-to-sphere transition is another novel finding of this experiment and will be described elsewhere (G. Satta, G. Botta, P. Canepari, and R. Fontana, manuscript in preparation).
Other rod-shaped strains have been reported to form colonies of coccoid cells in the presence of mecillinam (34) . However, those strains grew in the presence of relatively low concentrations of the antibiotic (never above 10 ,tg/ml, as opposed to over 300 ,ug/ml with MirM7). The effect of mecillinam on their shape and division in liquid media was described in only one strain, which under these conditions did not show a rise in viable counts after transition to coccal shape (20) . It is possible that the solid substrate can exert some protective effect on septation. L forms of gram-positive and gram-negative strains, and spheroplasts which are unable to divide in liquid media, can form colonies on agar plates (17) .
Relationship between change in morphology and cell division. To establish the relationship between cell shape and septation, we studied both the effect of mecillinam at doses below 0.7 ,tg/ml and the time course of resumption of cell shape and division after removal of mecillinam in MirA12 and MirM7 cells. In the first experiment, at all doses of mecillinam, division ceased only after the cells in the culture had become cocci (Fig. 2) The other experiment showed that MirA12 cells which had become cocci in the presence of mecillinam did not divide after removal of the antibiotic until they had reacquired the rod shape ( Fig. 3 and 4 ). MirM7 cells, on the other hand, continued to divide after removal of mecillinam, initially as cocci and then as very short rods that progressively appeared longer, becoming normal-length rods after 3 h (Fig. 3 and 4 strains, but rose in MirM7 cells. This rise was probably due to the increased rate of cell growth, since the ratio between peptidoglycan synthesis and cell number did not actually change after 60 min.
As seen in E. coli (25) , much higher mecillinam concentrations (up to 100 ,ug/ml) showed virtually the same effect as 0.7 ug/ml on both MirM7 rods and MirA12 cells grown at pH 5.8 and 7. Mecillinam at concentrations up to 100 jig/ml did not cause any evident inhibition of peptidoglycan synthesis in MirM7 cocci.
In a previous paper (30), we showed that MirM7 rods are shifted from pH 5 (Fig. 6) , most similar in electrophoretic mobility to those of E. coli (34-36). The major difference was in PBP6, which showed an apparent electrophoretic mobility slightly higher than that of PBP6 of E. coli. Between PBP5 and -6, another thin band was present in K. pneumoniae which was not seen in E. coli. PBP2 in K. pneumoniae was similar in relative amount and electrophoretic mobility to the PBP2 of E. coli (34) (35) (36) , and no evident difference existed in the PBP2 of MirM7 rods and cocci and that of MirA12 cells grown at pH 5.8 and 7 (Fig. 6) 
1,
We propose that normal rods have a control mechanism that prevents completion of new septa when lateral wall elongation has not occurred during the cell cycle preceding the last division. The altered regulation of the two sites :B' 2 .for peptidoglycan assembly depends on the loss of this feedback mechanism (Fig. 7) . The above predictions are in good agreement with most of the data described in the literature regarding the properties of mecillinam-resistant mutants (13, 14, 20, 34, 36, 39 13, [34] [35] [36] , the ability of MirM7 cells to form and extend the lateral wall under nonpermissive conditions is not destroyed. In addition to the data presented in this paper, the fact that long filaments are formed if MirM7 rods are shifted to pH 7 in the presence of 8 ,sg of penicillin G per ml also supports this hypothesis.
Induction of lateral wall formation restores sensitivity to mecillinam also at pH 7. Therefore, the binding of mecillinam to its specific target (PBP2) causes inhibition of peptidoglycan synthesis only when lateral walls are formed. Together, these findings support the proposals that mecillinam specifically inhibits lateral wall elongation and that PBP2 is necessary for lateral wall formation (34) . They also strongly support our previous proposal that in gram-negative rods, two competing sites for peptidoglycan assembly exist: one responsible for lateral wall formation, and the other responsible for septum formation. Mecillinam should be a specific inhibitor of the site for lateral wall elongation, other fl-lactam antibiotics may somewhat inhibit the site for septum formation, and still others may inhibit both sites (34) .
